Abstract-Superconducting magnetic energy storage (SMES) has the characteristics of high power density and zero impedance that helps to develop renewable energy generation and microgrid. A coordinated control for large capacity SMES application is proposed in this paper, which can improve power quality and system robustness effectively. Based on the topology and mathematical model of large capacity SMES, the coordinated control of outer power and inner current double closed loops control for power conditioning system is desired and vector switching automatic current sharing control method for multiphase chopper is developed. A low-pass filter and repetitive controller are included in the inner current loop controller to suppress periodic disturbance and increase robustness of the system. Simulation based on MATLAB/Simulink and experimental results demonstrate the effectiveness of large-capacity SMES coordinated control.
I. INTRODUCTION

W
ITH the rapid development of micro-grid, large scale energy storage equipment plays an increasingly important role in improving the reliability and efficiency of renewable energy generation. Compared with other energy storage, Superconducting Magnetic Energy Storage has the properties of extremely fast response time, high efficiency, long lifetime and environment-friendly [1] . It can effectively reduce the power fluctuation during wind or solar power generation, thus improving the power quality and reliability of renewable energy generation.
The existing three-phase full-bridge topology of SMES [2] is suitable for small-scale power applications, but not easy to expand to large-scale power application. There are also a series of large capacity topologies, such as capacitor clamp, flying diode [3] , series and parallel structure [4] , [5] and multi-level cascaded H-bridge circuit [6] . These topologies are either complicated or difficult to utilize in higher power application. In this paper, H-bridge based SMES topology of Voltage Source Converter (VSC) with a common DC bus is presented in Fig. 1 . Due to its modular nature, the H-bridge topology is flexible in its connection arrangements and scalable to different voltage and power levels. In addition, it is robust when component failures. Because it can bypass the corresponding sub-module or apply a redundant operation.
To meet the large power capacity requirement, reduce the complexity for multiphase chopper and improve the performance of Power Conditioning System (PCS), which includes power balance between renewable energy sources and power quality improvement. At present, there are many coordinated control strategies, such as voltage and current double closed-loop [7] , PQ control [8] , fuzzy logic control [9] and the Pareto particle swarm based optimization algorithm [10] . However, traditional voltage and current double closed-loop controllers easily introduce high voltage fluctuation in DC bus. In this paper, to coordinately improve the performance of current sharing and tracking active/reactive power reference with high speed and precision, outer power loop proportional-integral (PI) control and inner current loop repetitive control for multilevel PCS and vector switching control for multi-phase chopper are proposed, respectively.
To realize current sharing in multiphase chopper, the traditional PI controller is usually utilized [11] . However, the performance is not good enough since there exists a dynamic tracking error. In this paper, a vector switching control is proposed to automatically share current between each phase and stabilize DC bus voltage in the multiphase chopper. This paper is organized as follows. Firstly, a new topology for high power SMES is proposed and its modeling is given in Section II. Secondly, the power and current double closed-loop control of VSC and the vector switching control of the chopper are designed in Section III. Simulation and experimental verification are given in Sections IV and V, respectively. Finally, Section VI gives the conclusion.
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II. PROPOSED TOPOLOGY AND MODELING
A. Topology Structure Introduction
The proposed topology of the SMES power converter is shown in Fig. 1 . It includes transformer, H-bridge, VSC Chopper and superconducting coil. VSC and chopper are combined as PCS through the transformer connected to the grid. The primary winding of the transformer is designed as Y connection. In the secondary winding, each phase is connected with the same designed independent winding. The inverter module is parallel connected with each winding.
The proposed topology has the following advantages [12] :
(1) The modular structure facilitates the expansion and redundancy. (2) DC bus voltage is easy to achieve balance and no circulating current exists. 
B. Topology Modeling
In the proposed SMES topology, PCS can be seen as N three-phase inverters in parallel connection, and then the phase difference between each triangular carrier phase is π/N. With unipolar modulation, the equivalent switching frequency is 2N times of the carrier frequency. In this paper, the number of three-phase inverter is three for simplification.
Based on d-q coordinate system, the mathematical model of PCS is shown in (1) .
where, s 1,2···N d and s c present the duty cycle of the converter and the chopper, respectively.
In Fig. 1 , L is current sharing inductor which is made of copper. It is in series with the SMES coil in each chopper unit and aiming at the average distribution of each branch current, thus preventing power devices from overcurrent damage.
In practice, the inductance of L is 10 μH, which is very small compared to the superconducting coil of 5 H. The internal resistance of L is about 1 m . According to I 2 R, the power losses of L is about 160 W if the average current is about 400 A, which is about 0.03% of the rated power (0.5 MW).
III. SMES CONTROL STRATEGY DESIGN
A. Outer Loop Power Control Design
The SMES control strategy can be divided into outer loop power control and inner loop current control. The object of outer loop power control is to generate the active and reactive power reference signal, then regulate the reference value of the superconducting coil current and track the DC bus voltage.
The generation process of active power is shown in Fig. 2 , where P * c is chopper reference active power, P * i is inverter reference power, P L is the load active power, u * dc and u sc are the reference and measured dc link voltage, i * sc and i sc are the reference and the measured SC current. The control diagram has three parts. PI controller 1 generates the first part (PI-1), which adjusts the reference value of the superconducting inductor current. The second part is generated by low pass filter with the input signal P L , which is used to compensate for the active power fluctuation. The third part is PI controller 2 (PI-2), which is used to regulate the DC bus voltage. The reference active power of the inverter and chopper are superimposed based on the inverter or chopper control. Reactive power reference signal directly compensates the reactive power of the load.
B. Inner Loop Current Control
The function of inner loop current control is to track reference value of the filter inductor current, which is composed of PI controller and repetitive controllers as shown in Fig. 3 .
In repetitive control, the gain in the high frequency range is designed to be small to eliminate the high frequency noise. Therefore, low pass filter (LPF) is added to the repetitive control. The internal model of repetitive control is a periodic signal, which enables the closed-loop control system to track the periodic signal without static error. This control method is not only suitable for tracking periodic input signals, but also can be used to suppress periodic disturbances.
The current expression of filter inductor is given by (2) . where:
The frequency response of F i (s) is shown in Fig. 4 . The gain and zero phase shift of the closed-loop control is achieved, which means the harmonic and reactive power are well compensated.
The frequency response of F u (s) is shown in Fig. 5 . The zero gain can be realized in the integer multiples of the fundamental frequency, which can effectively reduce the disturbance to the grid.
C. Vector Switching Control of Multi-Phase Chopper
The chopper includes three kinds of operation modes, which are energy charging, discharging and storage modes [13] . PI control, hysteresis loop control, fuzzy control [14] or direct power control [15] are usually used in single phase chopper. But the multi-phase chopper control is more complex to directly use those controls due to the coordination and power flow control are needed for every phase. The propsoed control is introduced as follows.
The switching function of the j phase chopper is defined in (3).
where j = 1, 2, · · · , N and N is the total number of the chopper. For a total of i phases chopper, if the switch function value is given as -1, the equivalent circuit topology can be shown in Fig. 6 . Generally, from the 1st to the Ith phase chopper, the switch value is given as -1 (negative group), the rest phases are set as +1 (positive group).
From the KCL theorem, the sum of the currents flowing into or out of the circuit at any given time is 0 as shown in (4) .
where, I j is the j phase chopper current i sc is the superconducting current. The inductor is connected between node ① and ②, it is possible to derivate current, then the results are shown in (5), (6) , and (7) .
On node ①:
On node ②:
where, u n1 and u n2 are the voltage of node ① and ②, respectively. L sc and L are the inductance of superconducting coil and the current sharing inductor, respectively.
From equations (8), the voltages of node ① and ② can be found as u n1 and u n2 , then the superconducting coil voltage and current sharing inductor voltage can be given as (9) .
where i cj is the current from DC bus capacitor to j phase chopper as shown in (10) .
DC bus capacitor voltage and current of superconducting coil are illustrated in (11)
where S j is a controlled variable. According to (9) , (10) , and (11), (12) is derived for DC bus capacitor:
where u dc , i sc and I j are the state variables, i VSC is the current disturbance variable introduced by VSC.
The control vector is firstly defined as (13) . By combining (12) and (13), the multi-phase chopper state equations can be shown in (14) .
where, I = [I 1 I 2 · · · I N ] is the vector of inductor current. By switching the control vector, the DC bus capacitor voltage and the superconducting coil current can be well controlled. Therefore, if the switch combination is selected appropriately, the current sharing of multi-phase chopper and stable DC bus voltage can be achieved at same time.
IV. SIMULATION RESULTS
A. Current Sharing Effect of Chopper
In order to verify the validity of the control strategy, the simulation results are given first. The main simulation parameters are provided in Table I .
The experimental comparison results of the traditional PI control and vector control of current sharing are shown in Figs. 7 and 8 . PI control automatic current sharing method works well in power exchange period, such as charging or discharging period. However, PI control doesn't work well in power transient response, such as switching from a charge stage to discharge stage. The difference between each phase current is larger which is about 10% of normal current.
By using proposed vector switching control method, the VSC power and power interactive process can achieve a good average power flow, and the difference of each phase current is less than 5%. Therefore, the vector switching control still has good performance during the power change of the system, and has a stronger adaptability. 
B. Tracking Effect of Active/Reactive Power
In order to verify the coordinated control effeteness of inverter and chopper, the reference active power and reactive power will suddenly increase or decrease. Meanwhile, the comparative tracking effect is also provided to verify the excellent performance of proposed control over traditional PI control, as shown in Fig. 9 (a) According to Fig. 9 , with the proposed control, the output power of SMES can always track the reference of active and reactive power accurately. On the other hand, with traditional PI control, there exists tracking error and big overshoot as shown in the enlarged pictures.
The tracking effect of the proposed control can also be reflected from the voltage and current waveforms shown in Fig. 10 . The amplitude and phase of u a and i a is changed according to the corresponding reference active and reactive power. Table II With the proposed control, the output active power and reactive power follows the reference value very well. Compare with normal Pi control, the steady state error is closed to zero, and transient response performance is much better.
V. EXPERIMENTAL VERIFICATION
A. Experimental System and Parameters
To verify the whole DC link model, H-bridge structure and its coordination control effect, the schematic diagram of SMES and the experimental prototype are shown in Fig. 12 (a)(b) . In Fig. 12(a) , the control diagram of entire experimental platform consists of the following components:
1) Symmetrical three-phase grid.
2) VSC and Multilevel chopper circuit.
3) Current/voltage detection and conditioning circuits. 4) DSP + FPGA controller. 5) Driving and protection circuits. 6) Energy storage inductor and current sharing inductor. Fig. 12 (b) includes VSC module, chopper module, multi-winding transformer, inductor storage, current sharing inductor and DC bus capacitor.
The main experimental parameters are as follows: the rated power of SMES prototype is 10 kVA, the experiment is scaled down to 1 kW experiment. Grid voltage is 380 V/50 Hz, the inductance of superconducting coil is 5 H, AC side filter inductance is 1 mH, current sharing inductor of chopper is 10 μH, DC bus capacitor is 1650 μF, PCS switching frequency is 750 Hz.
The main controller is based on DSP and FPGA. The DSP chip is TMS320F28335. FPGA is selected as Cyclone Altera EP2C8Q208 FPGA.
B. Experimental Results
Figs. 13, 14 and 15 show the comparative waveforms of phase A voltage u a , current i a and i sc with the proposed control and conventional PI control, respectively.
When the reference power is positive, it means SMES (replaced by copper coil due to the limited experimental conditions) absorbs active power. On the contrary, when the reference power is negative, it means SMES releases active power. Fig. 13 shows when Q ref = 0, P ref changes from 0 to −1 kW, then to +1 kW, the phase of i a is inversed. The operating state of SMES changes from energy storage state to energy discharge state, then to energy charge state. By comparing the waveforms of proposed control (shown in Fig. 13(a)(b) and Fig. 16(a)(b) ) and conventional PI control (shown in Fig. 13(c)(d) and Fig. 16(c)(d) ), it can be seen that both control strategies can achieve the goal of power tracking, but the proposed control excels traditional PI control in terms of THD and power quality.
VI. CONCLUSION
This paper proposed an scalable topology and optimized coordinated control strategy to improve the SMES application in renewable energy generation. The outer power-loop and inner current-loop controllers of VSC were designed. The repetitive controller and a low-pass filter were built to suppress periodic interference, reduce high frequency disturbances and compensate active and reactive power for the grid effectively.
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